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AnnealingSi3N4 coatings show outstanding performance in wear and corrosion resistance of cutting tools at high temper-
atures, up to 1000 °C and above. In addition, the incorporation of minor concentrations of MoS2 in Si3N4 could
reduce the friction coefﬁcient and preserve sufﬁciently high hardness values. In the present work, Si3N4–MoS2
thin ﬁlms were deposited on C and Si (001) substrates by RF and DC reactive deposition magnetron sputtering
from Si andMoS2 targets in a Ar/N2 plasma, with different lowMoS2 amounts. The thin ﬁlms were characterized
by nanoindentation at different temperatures from 23 °C to 400 °C and sliding friction and nanoscratch tests at a
constant temperature of 23 °C. Several different analytical techniques were also employed to characterize the
thin ﬁlms. In thewhole layer both Si3N4 andMoS2 compounds are stoichiometric and the structure is amorphous
and homogenous. Although the hardness is roughly constant in the here investigated MoS2 concentration range
at constant temperature, the lowest amount of MoS2 (0.2 at.%) increases substantially the hardness of Si3N4–
MoS2 thin ﬁlms at 23 °C. The hardness of Si3N4–MoS2 thin ﬁlms decreases with the increase of temperature.
The friction coefﬁcient decreases substantially for MoS2 concentrations between 0.2 and 0.3 at.% and the anneal-
ing process does not modify such behavior. The 24 h annealing performed during hardnessmeasurements, up to
400 °C, induced thermally-activated processes in the thin ﬁlms, which modify the critical load, hardness, and re-
duced elastic modulus of the thin ﬁlm when measured at 23 °C.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
The development of protective coatings that reduce or even elim-
inate the use of liquid lubricants in cutting, machining or demolding
procedures is a current trend since these ﬂuids are expensive and
environmentally aggressive [1,2]. Tools, molds, and dies are repre-
sentative members of these applications. Indeed, coatings such as
TiAlN and Si3N4 are currently used to functionalize the surfaces of
the above-mentioned mechanical devices [3,4]. However, cutting-
edge materials for extreme application at both high temperature
and high mechanical loading combine not only different structures
(micro/meso/nanocrystalline, multi-nanolayers, amorphous) but also
different compounds. Moreover, several successful cases of composite
materials where lubricating solid particles were added to hard thin
ﬁlm matrix, retaining the high hardness while reducing wear and fric-
tion, have been already described in the literature [5,6]. In general,e Tecnologia, Universidade degraphite, amorphous carbon, Ag, WS2, and MoS2 are the most common
solid lubricious materials, which have been incorporated into WC, TiB2,
and TiN hard matrix, to develop multifunctional thin ﬁlms [5,7–9].
Among these material architecture strategies, the incorporation of mo-
lybdenum disulﬁde (MoS2) into titanium nitride (TiN) matrix is used
for severe conditions of drymachining applications aswell as aerospace
and ultra-high vacuum applications [10,11]. Consequently, a material
design that contains both MoS2 and TiN compounds is expected to be
hard as well as lubricious. This is sometimes the case of TiN coatings
that show appreciably high hardness and load bearing capacity, and
its surface may form a lubricious rutile (TiO2) phase layer in the pres-
ence of environmental humidity [12]. It is worth noticing that the
same behavior was already observed in Si3N4 thin ﬁlms after partial
oxidation [13]. In fact, the transition from metallic nitride to oxide or
oxynitride can decrease the friction coefﬁcient of many compounds
owing to the higher ionic potential of the latter [13,14].
Silicon nitride (Si3N4), on one hand, is a ceramic material that
shows outstanding properties as relatively high hardness, thermo-
dynamic stability, andmuch higher oxidation resistance at high tem-
peratures and corrosion resistance than TiN [15,16]. On the other
Fig. 1. Schematic representation of sputtering chamber.
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fact, we could only ﬁnd one work in the literature. Such work aimed
at combining the high chemical and mechanical resistances of Si3N4
with the good tribological performance of the MoS2 [17]. However,
the used deposition technique, which employs MoS2 chips (or Si) on a
Si (or MoS2) target, is not reproducible at all and cannot control easily
the compound proportions. Furthermore, the thin ﬁlm was not charac-
terized in terms of its chemical composition and structure [17].
The present work aims at establishing a reproducible route for the
preparation of Si3N4–MoS2 thin ﬁlms with low MoS2 amounts, as well
as investigating themechanical and tribological behaviors and their cor-
relationswith both the chemical composition and structure of such thin
ﬁlms.
2. Experimental
Si3N4–MoS2 thin ﬁlms were produced by reactive RF and DCmag-
netron sputtering deposition, using pure Si andMoS2 targets (50mm
diameter) in Ar/N2 plasma, with target–substrate distance ﬁxed at
120 mm. Silicon (001) and carbon substrates were used for the char-
acterization techniques. Samples were placed in a substrate holder
and rotated between the two targets to form the speciﬁc coating.
The swivel system was computer controlled allowing for the forma-
tion of Si3N4–MoS2 thin ﬁlms with different MoS2 amounts by con-
trolling the substrate residence time at each target.
Prior to deposition, all substrates were submitted to ultrasonic
cleaning in acetone, followed by a deionized water bath and ﬁnally
driedwith pure nitrogen. All deposition parameterswere kept constant,
with the exception of substrate residence time on the MoS2 target.
Table 1 summarizes the main deposition parameters for Si3N4–MoS2
thin ﬁlms. To illustrate, a schematic of the deposition system is shown
in Fig. 1. The Si3N4 deposition rate was determined as 0.12 nm s−1.
An interlayer composed by a gradient of SiNx (from pure Si to
stoichiometric Si3N4) was ﬁrst deposited onto silicon substrates to
improve the adhesion of Si3N4–MoS2 thin ﬁlms. Substrate temperature
during deposition (herein called deposition temperature) was kept at
150 °C. The total coating thickness for indentation and scratching and
friction measurements was 400 nm.
The stoichiometry of the Si3N4 and MoS2 compounds and the
chemical elementary concentrations in each Si3N4–MoS2 thin ﬁlm
were determined by Rutherford backscattering spectroscopy (RBS)
using a 2 MeV He+ beam and a backscattering detection angle of 165°.
Simulations of RBS spectra were performed by using SIMNRA [18]. The
proﬁles of the different chemical elements were evaluated by glow dis-
charge optical emission spectroscopy (GD-OES) by using a GD-Proﬁler
2 equipment from Horiba-Jobin Yvon. The RBS spectra obtained from
Si3N4–MoS2 thin ﬁlms deposited on C substrate and their simulations
by SIMNRA were used to calibrate the Mo signal from GD-OES spectra
in order to estimate the MoS2 concentrations in all Si3N4–MoS2 thin
ﬁlms deposited on Si. The surface topography was obtained by Atomic
ForceMicroscopy (AFM) using a Vecco Innova equipment in the tapping
mode. The crystalline structures of the thin ﬁlms were determined by
Glancing Angle X-ray Diffraction (GA-XRD) using a Shimadzu XRD-
6000 equipment, Cu-Kα radiation, incident angle of 1° and scan from
10 to 90 in 0.05 steps. The nanostructure of Si3N4–MoS2 thin ﬁlms wasTable 1
Main deposition parameters for Si3N4–MoS2 thin ﬁlms.
RF power to Si target (W) 150
DC power to MoS2 target (W) 10
Ar/N2 ratio 5/1.5
Base pressure (Pa) 4 × 10−5
Working pressure (Pa) 6 × 10−1
Permanence time at Si target (s/cycle) 80
Permanence time at MoS2 target (s/cycle) 0.3 to 7
Deposition time (min) 5 to 55studied by high-resolution transmission electron microscopy (HR-
TEM) analysis using a Jeol JEM 2010 microscope operating at 200 kV.
The samples were cut in cross-section and then were thinned by
means of conventional mechanical grinding and dimpling, followed by
ion milling with Ar to electron transparency in a Gatan duomil operated
at 4.5 kV and 1 mA with incident angle of about 13° in a liquid nitrogen
cooling stage.
The hardness and friction values were assessed by nanoindentation
and nanoscale sliding friction tests, respectively, using a NanoTest-600
equipment manufactured by Micro Materials Ltd, equipped with a
Berkovich diamond tip (hardness measurements) and a conical dia-
mond tip (friction measurements). The unloading portion of load–
depth curves was analyzed, allowing the calculation of the hardness of
thin ﬁlms [19]. Nanoindentation tests were performed at loading and
unloading rates of 0.1 mN·s−1 and dwell time of 60 s, with a maximum
indentation depth of 40 nm and at variable temperature from 23 °C to
400 °C. At each temperature, the equipment was recalibrated with
fused silica, accordingly [20]. The substrate effect on hardnessmeasure-
ments appears when the indentation depth reaches between 10% and
20% of the total thickness. In order to avoid the substrate effect, we
chose the lower limit (10%) to perform our measurements. The sliding
friction tests were performed as follows: a normal load of 0.01 mN
was applied in the ﬁrst 10 μm and then a loading rate of 0.3 mN·s−1
was applied up to reach a ﬁnal normal load of 50 mN by using a conical
diamond indenter with a radius of 10 μm (used as the counterface).
Samples were displaced at a rate of 1 μm·s−1 to a total distance of
200 μm (after reaching 50 mN). The tangential force was measured by
a load cell and its average steady-state value was related to the friction
force and friction coefﬁcient of the studied system (average of 3 repeti-
tions). Scratch tests at nanoscale were also conducted to attain the
applied normal force at which the starting damage occurs (cracking
within the thin ﬁlm) in the thin ﬁlm–substrate system. In the
nanoscratch tests, the indenter was the same to the one used in the slid-
ing friction tests. The indenter was plowed through the coated surfaces
at a constant speed and an increasing normal force. A normal load of
0.01 mN was applied in the ﬁrsts 10 μm stylus scan and then the load
was linearly increased by using a 0.3 mN·s−1 rate up to reach a ﬁnal
normal load of 200 mN. The applied normal load damaging the thin
ﬁlm was considered as the critical load and its value was reached by
using the tangential force data and microscopic observation. Finally, it
is worth remarking here that all sliding friction tests to determine the
friction coefﬁcient were performed at depths and loads well smaller
than the critical load of the thin ﬁlms. The sliding friction, nanoscratch
and hardness tests were performed before and after annealing due to
Fig. 3. (a) GD-OES proﬁles of the Si3N4–MoS2 thin ﬁlmwith a MoS2 amount of 0.6 at.% de-
posited on Si substrate where Si, N, and Mo are detected; (b) schematic of the material
architecture.
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temperature.
3. Results and discussion
3.1. Physicochemical and structural properties
Fig. 2 shows a typical RBS spectrum as obtained from a sample de-
posited on C substrate at 1 s·cycle−1 of residence time on the MoS2
target. The carbon substrate was used for RBS analyses in order to
eliminate the high background signal from Si, which is more commonly
used as substrate. The backscattering energies corresponding to the dif-
ferent elements in the sample surface are indicated by arrows. A simu-
lation of experimental results by using the SIMNRA program was also
performed (see solid curve). Similar spectra were obtained for all
other Si3N4–MoS2 compositions on C substrates. It is important to stress
that both Mo and S signals were low due to the shorter residence times
on the MoS2 sputtering target as compared to that on the Si target and
render lower MoS2 amounts. The Ar contaminant in the thin ﬁlms is in-
trinsic to the sputtering process. Moreover, the Si3N4–MoS2 thin ﬁlms
are oxygen free. According to the RBS spectra and their simulations,
the Si3N4 and MoS2 that constitute the thin ﬁlms have a stoichiometric
relationship between Si to N and Mo to S, respectively. One must re-
mark that the atomic composition was obtained by evaluating all RBS
spectra using a speciﬁc and well-established software (SIMNRA, please
see Ref. [18]). The simulation process gave the stoichiometry of the thin
ﬁlms. All the theories of how the softwareworks and simulates the stoi-
chiometry can be found in reference [18]. Also, we used the same depo-
sition parameters as published in our previous work where we could
obtain stoichiometric Si3N4 thin ﬁlms [4].
Fig. 3a shows the GD-OES proﬁles of Si, N, and Mo as obtained from
the sample deposited on Si at 7 s·cycle−1 of residence time on theMoS2
target. One can see three different regions, namely the outermost Si3N4–
MoS2 thin ﬁlm layer, followed by the SiNx gradient interlayer under-
neath and ﬁnally the silicon substrate (bulk). Fig. 3b shows a schematic
of the whole material system after RBS and GD-OES analyses. The ﬂat
signals of the Si, N, and Mo intensities in the outermost layer indicate
that Si3N4–MoS2 thin ﬁlms seem to be homogenous without any alter-
nating patterns, which would be characteristic of thin-ﬁlm multilayer
structures. The same behavior was observed for all thin ﬁlms. Table 2
provides the MoS2 concentrations in at.% of the four samples of Si3N4–
MoS2 thin ﬁlms deposited on Si substrates for different residence
times on the MoS2 target. One must recall that the composition andFig. 2. Backscattering spectra of He+ ion incident at 2 MeV on a Si3N4–MoS2 thin ﬁlm de-
posited on a C substrate during 0.5 s/cycle at the MoS2 target. For Mo, S, Si, and N, the
dashed lines indicate the backscattering energies from the corresponding elements at
the ﬁlm surface, whereas for C, the arrow indicates the backscattering energy correspond-
ing to C at the ﬁlm–substrate interface. The solid curve indicates the simulation of exper-
imental results by using the SIMNRA program. Also, the Ar contamination is stressed.stoichiometry of thin ﬁlms were determined from the RBS results and
the corresponding simulations and those samples were used as stan-
dards to calibrate the GD-OES equipment.
Fig. 4 shows an AFM image on top view of the Si3N4–MoS2 thin ﬁlm
with 0.6 at.% of MoS2. One can see that the thin ﬁlm surface follows the
topography of the monocrystalline Si (001) substrate due to its low
roughness (RMS = 0.37 ± 0.03 nm). In all cases, the RMS goes from
0.32 nm to 0.45 nm. Consequently, the thin ﬁlm roughness does not in-
ﬂuence the mechanical and tribological characterizations to be shown
in Sections 3.2 and 3.3.
Fig. 5 shows the GA-XRD patterns of two characteristics of as-
deposited Si3N4–MoS2 thin ﬁlms on Si (001). For comparison, the GA-
XRD pattern of a silicon (001) substrate is also included. One can see
that only one diffraction peak is apparent at approximately 56.7° that
corresponds to scattering radiation from silicon (311) plane owing to
the low angle of incidence (1°) between the surface normal of a Si
(001) substrate and its (311) planes. The different backgrounds are at-
tributed to the different relative intensities and the shift to the left of
the Si (311) peak is due to a small divergence angle when the sample
was ﬁxed on the sample holder. Moreover, other contributions wereTable 2
MoS2 amount for samples used in hardness and friction measurements at each
permanence time at the MoS2 target. There are four samples with MoS2 and only one of
pure Si3N4 deposited on Si (001). The experimental standard deviation is within 10%.
Permanence time at the MoS2 target (s/cycle) MoS2 amount (at.%)
0.5 0.2
2 0.3
4 0.4
7 0.6
Fig. 4. Atomic force microscopy image on top view of the Si3N4–MoS2 thin ﬁlm with a
MoS2 amount of 0.6 at.%.
Fig. 6. High-resolution transmission electron microscopy image in cross-section of the
Si3N4–MoS2 thin ﬁlm with a MoS2 amount of 0.2 at.%.
330 R.E. Trentin et al. / Surface & Coatings Technology 254 (2014) 327–332not observed in our Si3N4–MoS2 thin ﬁlms and, consequently, the ob-
tained Si3N4–MoS2 thin ﬁlms are amorphous.
Fig. 6 shows a high resolution transmission electron microscopy
image of the Si3N4–MoS2 thin ﬁlm with 0.2 at.% of MoS2 in cross-
section. It is not possible to see anyMoS2 cluster in the structure. Conse-
quently, one can conclude that the nanostructure is homogenous as
above-mentioned after GD-OES analysis.
3.2. Hardness behavior at different temperatures
Fig. 7 shows the hardness behavior of Si3N4–MoS2 thin ﬁlms for
different MoS2 amounts and temperatures. The progressive incorpo-
ration of MoS2 in the Si3N4–MoS2 thin ﬁlm did not appreciably
change the hardness at constant temperature, within the standard
deviation of the method, namely about 15%. However, two excep-
tions were observed for thin ﬁlms with the lowest MoS2 content,
0.2 at.%, where a maximum hardness was measured at 23 °C and
with the highest MoS2 content, 0.6 at.%, where a minimum hardness
was measured at 400 °C. On the other hand, the hardness of the thin
ﬁlms decreased considerably with temperature, for temperatures
above 100 °C. Nevertheless, there were two plateaux of constant
hardness from 23 °C to 100 °C and 300 °C to 400 °C, for all Si3N4–
MoS2 coating compositions, excluding the above-mentioned excep-
tions. Between both plateaux the hardness went down from around
17–16 GPa to 11–10 GPa. We recall that the incorporation of MoS2
has different effects on hardness depending on the matrix material.
In Ni–Cr-based alloys, for example, the incorporation of MoS2 does not
show a clear tendency and the hardness is roughly constant for different
MoS2 amounts from 0 to 20 wt.% at room temperature [21]. In a similar
material as that of the present work, namely TiN–MoS2 thin ﬁlms, the
hardness is roughly the same in the low MoS2 amount range and de-
creases following the rule of mixtures for MoS2 concentrations higher
than 10 at.% at constant temperature of 23 °C [12]. In our case, we30 45 60 75 90
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icon (001) substrate is also included.have used only rather low MoS2 amounts and according to the rule of
mixtures, the hardness should indeed have remained roughly constant,
as observed. In contrast, the hardness depended strongly on tempera-
ture. Another fact to be recalled here is that silicon shows a constant
hardness in the range from 23 to 500 °C, whereas higher temperatures
than 500 °C allow the dislocation mobility by thermal activation, pro-
ducing plastic deformation and decreasing the hardness [20]. Moreover,
fused silica (chemically SiO2) shows some softening at higher tempera-
tures, reducing its hardness from 8.85 ± 0.05 GPa at 25 °C to 8.44 ±
0.19 GPa at 400 °C [22]. In our case, higher temperatures than 100 °C
could start thermally-activated processes such as diffusion and disloca-
tion mobility in the amorphous Si3N4 metastable phase deposited at
150 °C, which decrease the hardness of our thin ﬁlms. Indeed, the struc-
ture depends strongly on deposition temperature as can be noticed in
vanadium carbide where higher deposition temperatures induced car-
bon interstitial diffusion from tetrahedral to octahedral positions [4,
23]. Generally, the material mechanical properties are associated with
its structure. Finally, it is important to remark that we excluded the ox-
idation effect due to the lower oxygen proﬁles than 3 nm at tempera-
tures as high as 500 °C [13].0
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Fig. 7.Hardness of Si3N4–MoS2 thin ﬁlms at different MoS2 amounts and temperatures for
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The nanoindentation tests that were performed to measure the
hardness of thin ﬁlms at different temperatures introduced an anneal-
ing effect. Indeed, these samples were maintained 24 h as a whole for
stabilization, calibration, and measurements at each temperature.
Fig. 8 shows the average steady-state friction coefﬁcient values
(AFC) of Si3N4–MoS2 thin ﬁlms with different MoS2 amounts measured
at 23 °C before and after annealing. The sample with a MoS2 amount of
0.2 at.% delaminated after the annealing process andwe could not mea-
sure the tribological and mechanical properties that are described in
this section. One can see that the AFC depended strongly on the MoS2
amount. In all thin ﬁlms, the presence of MoS2 decreased the AFC
when compared with the pure Si3N4 sample, owing to its lubricious
properties. The lowest AFC were measured in the samples that
contained MoS2 in amounts from 0.2 to 0.3 at.%, where the correspond-
ing AFC were reduced down to one half of that for pure Si3N4. This be-
havior is quite the same before and after annealing. After such
minimum, the AFC increased with the increasing of the MoS2 amount.
Fig. 9a and b shows the tangential force vs. scratch length and fric-
tion coefﬁcient vs. normal load, respectively, recorded during the
nanoscratch test (second repetition) performed in the Si3N4–MoS2
thin ﬁlm with a MoS2 amount of 0.6 at.%. As can be seen, the tangential
force changes abruptly after a scratch length (see Fig. 9a). The abrupt
change is correlated to a speciﬁc normal load that represents the critical
load to failure of the thin ﬁlm (see Fig. 9b). Fig. 10 shows the critical load
(Lc) in Si3N4–MoS2 thin ﬁlms with different MoS2 amounts before and
after annealing, respectively, measured at 23 °C. Before the annealing
process, Lc was almost constant, around 110mN, for allMoS2 concentra-
tions in the thin ﬁlm. Taking into account the Lc value for pure Si3N4
(70 mN), the presence of MoS2 increases the Lc. This behavior was al-
ready observed in TiN–MoS2 thin ﬁlms [12], where the elastic strain to
failure increased up to 70% when compared to the pure TiN thin ﬁlm.
The contrast with the present observations is the different MoS2
amounts, which were higher in that cited work, approximately 2 at.%.
After the annealing process, the Lc decreases for samples containing
MoS2 and stabilizes in values below 100 mN for all samples.
Fig. 11a and b shows the hardness and reduced elastic modulus,
respectively, of thin ﬁlms before and after annealing at different
MoS2 amounts. The main differences in both Fig. 11a–b are the
higher hardness and reduced elastic modulus values after annealing.
The literature reveals [4,13] that the hardness of pure Si3N4 thin ﬁlm
depends not only on the annealing temperature, but also on the de-
position temperature. Thus, the deposition temperature is an impor-
tant parameter to deﬁne the structure of the thin ﬁlms and the ﬁnal
hardness after annealing [4,13]. In our case, longer annealing times0.0 0.2 0.4 0.6
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line is a guide for the eyes.of up to 24 h induced thermally activated processes that increase
both the material hardness and reduced elastic modulus when mea-
sured at 23 °C.
In order to achieve further understanding of the tribological andme-
chanical properties after annealing, the proﬁles of the chemical species
in the annealed thin ﬁlms were determined. Fig. 12 shows the Si, N,
and Mo GD-OES proﬁles before and after annealing of Si3N4–MoS2
thin ﬁlm with a MoS2 amount of 0.6 at.% and deposited on Si substrate.
The longer rangewith lower intensities of theMo, N, and Si proﬁles after
annealing as compared to those before annealing indicates that a lower
material removal rate is observed in the sample after annealing. In-
deed, the thickness of the sample before and after annealing did0.0 0.2 0.4 0.6
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Fig. 10. Critical loads (Lc) of Si3N4–MoS2 thin ﬁlms before and after annealing at different
MoS2 amounts and measured at 23 °C.
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thin ﬁlms before and after annealing at different MoS2 amounts and measured at 23 °C.
332 R.E. Trentin et al. / Surface & Coatings Technology 254 (2014) 327–332not change. Moreover, the same trends were observed in the other
thin ﬁlms, with different MoS2 amounts. The stoichiometry and pro-
portions of the annealed samples were also the same as those before
annealing. Even after this 24 h annealing, the thin ﬁlms remained
amorphous and homogenous according to GA-XRD and GD-OES
analyses, respectively. Consequently, the lower material removal
rates observed in the annealed samples are due to their higher
hardness as compared to those before annealing. We believe
that the annealed materials showed high hardness values when
measured at 23 °C owing to thermally activated processes. Moreover,
the AFC showed a similar behavior after annealing at different MoS2
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Fig. 12.GD-OES proﬁles of the Si3N4–MoS2 thinﬁlmwith aMoS2 amount of 0.6 at.% depos-
ited on Si substrate before and after annealing where Si, N, and Mo are detected.Thus, according to the present results the highest hardness and low-
est AFC were measured at 23 °C, for Si3N4–MoS2 thin ﬁlms with MoS2
amounts as low as 0.2 to 0.3 at.%. The presence of MoS2 seems to form
a low shear stress ﬁlm and, consequently, a low AFC. Moreover, the crit-
ical loads depend on the annealing process. Although the incorporation
of low MoS2 amounts in Si3N4 thin ﬁlms decreases the AFC of the
material (before and after annealing), the lower hardness at higher tem-
peratures than 100 °Cmust be taken into account for mechanical appli-
cations at high temperatures. Finally, the dependency on deposition
temperature and subsequent annealing must be further investigated
focusing on the thin ﬁlm structure.
4. Conclusions
Si3N4–MoS2 thin ﬁlms with different MoS2 concentrations were ob-
tained by RF and DC deposition reactive magnetron sputtering. The de-
position technique can add low MoS2 amounts in Si3N4–MoS2 thin ﬁlm
in a reproducible way. Both compounds are stoichiometric and the thin
ﬁlms are amorphous and homogenous. The hardness of thin ﬁlms de-
pends strongly on temperature and is less dependent on the MoS2
amount in the present studied range. Even low MoS2 amounts are able
to generate Si3N4–MoS2 thin ﬁlms that show appreciably lower friction
coefﬁcients than that of pure Si3N4. Finally, the temperature of thin ﬁlm
deposition and different annealing and cooling routes must be taken
into account in order to optimize the hardness of Si3N4–MoS2 thin
ﬁlms for industrial applications at high temperatures.
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